© 2 0 1 7 M a c m i l l a n P u b l i s h e r s L i m i t e d , p a r t o f S p r i n g e r N a t u r e . A l l r i g h t s r e s e r v e d . [126] [127] 135, 138 and livestock could be thought of in the same manner, and re-engineering their genomes could ensure the highest and most efficient productivity. For some of these particular entities, genome engineering could address global problems such as food shortages and environmental deterioration, for example, by altering sets of genes in metabolic pathways to permit either increased or reduced production of specific biomolecules. Thus, the ability to perform genome engineering at a larger scale would enhance our chances of achieving these goals.
DNA reading (sequencing) and writing (synthesis) are intimately connected: meaningful use of either requires the other. For example, the most widely used sequencing platforms read DNA during the synthesis of a complementary strand [1] [2] [3] . Targeted DNA reading, such as exome sequencing, depends on vast libraries of synthetic oligonucleotides for target capture, and the annotation and understanding of genome reads benefit greatly from genome-scale synthesis and testing. Furthermore, meaningful use of genome engineering generally requires whole-genome sequencing to design strategies for avoiding off-target writing and to verify the quality of the final genome product. Genome editing and writing have benefited from diverse nanomachines harvested by reading the biosphere. Since 1975, reading and writing platforms have exhibited increases in throughput of threemillion-fold (for reading; see https://www. genome.gov/sequencingcostsdata/) and one-billion-fold (for writing of raw oligonucleotides) 1 , with a steep increase at an exponential rate since 2004. The technical progress of both reading and writing has depended not only on mere automation of human protocols but also on rethinking the whole process to permit miniaturization and multiplexing (in which millions of reactions the technological advancements in genome engineering with those in both DNA synthesis and DNA sequencing, the key components that are necessary to approach large-scale genome engineering have fallen into place.
In this Opinion article, we describe the motivation for and current state of large-scale genome engineering and compare strategies for how it can be achieved. We provide an overview of key genome-engineering technologies and how they can be utilized for large-scale editing. Finally, we detail the key features that will be necessary for a robust genome-writing platform and provide a roadmap to engineer a large genome. As seen for whole-genome reading, the cost and quality of methods for genome writing are improving by factors of millions, and rigorous, comprehensive tests for the accuracy of genome writing will shift from being a luxury to becoming essential and routine.
Why should we engineer genomes?
When we refer to genome engineering and genome editing, our use of 'genome' specifically means large-scale engineering or alteration of several loci across the genome. We feel that such terminology is unhelpfully misapplied when referring to single-locus applications, such as using genome engineering to refer to editing that is done directly in the genome rather than in a plasmid or transgenic setting or using the term genome editing when the changes are neither precise editing nor genome scale. The question for this section is why should we design and generate whole (or nearly whole) genomes? An initiative known as Genome Project-write has recently advocated large-scale genome engineering 9 . The motivation and goals are well aligned for both small-scale and large-scale genome engineering. With respect to non-human organisms, bacteria are common chassis for various bioproduction applications, from uses in bioremediation to pharmaceuticals to bioenergy [10] [11] [12] (FIG. 2) . From a purely functional perspective, re-engineering the genomes of particular strains could render the bacteria less susceptible to viruses and/ or more efficient at producing a biomolecule of interest 13, 14 . Similarly, yeast strains, plants can be performed in the same space, at the same cost and with the same effort as a single reaction).
Although much of the attention has been on the progress in DNA reading, namely, advances in DNA sequencing technologies 2, 3 , the improvements in writing, which can largely be attributed to harnessing and stimulating natural cellular processes such as homologous recombination (HR) to enable genome modification, should not be overlooked. From the initial work of describing HR at a very low level in higher-order eukaryotic cells to current work, where we can achieve reasonably high efficiencies of HR in stem cells [4] [5] [6] [7] (FIG. 1) , our ability to direct targeted changes in genomes has opened a large number of avenues that previously may not have seemed possible.
One of the main areas that can be realistically pursued is the ability to perform large-scale editing of genomes, even multiplexing libraries of billions of changes 8 .
From an industrial perspective to a health care perspective and to researchers aiming for fundamental understanding of how biological systems work, the motivations to pursue ambitious genome-engineering projects originate from a diverse group of stakeholders, and the results of these projects could have considerable positive impact on multiple aspects of society. Combining Abstract | Recent exponential advances in genome sequencing and engineering technologies have enabled an unprecedented level of interrogation into the impact of DNA variation (genotype) on cellular function (phenotype). Furthermore, these advances have also prompted realistic discussion of writing and radically re-writing complex genomes. In this Perspective, we detail the motivation for large-scale engineering, discuss the progress made from such projects in bacteria and yeast and describe how various genome-engineering technologies will contribute to this effort. Finally, we describe the features of an ideal platform and provide a roadmap to facilitate the efficient writing of large genomes. and livestock could be thought of in the same manner, and re-engineering their genomes could ensure the highest and most efficient productivity. For some of these particular entities, genome engineering could address global problems such as food shortages and environmental deterioration, for example, by altering sets of genes in metabolic pathways to permit either increased or reduced production of specific biomolecules. Thus, the ability to perform genome engineering at a larger scale would enhance our chances of achieving these goals.
Genome-wide association studies (GWAS) along with large-scale high-throughput sequencing of exomes and genomes have uncovered hundreds, if not thousands, of small and large DNA sequence variations associated with a given phenotype, including medically important human traits 15 . For example, in numerous genetic disorders, studies are advancing from correlation to cause and effect (for instance, via genome engineering in animals or organoids) to prove that particular
The proportions and persistence of edited and unedited cells are particularly important in diseases such as cancer, where residual unedited, defective cells may have acquired a selective growth advantage over edited cells that could confer them with the ability, over time, to eliminate edited cells from the population.
It is also clear that many normal and disease phenotypes are governed by concurrent genetic variants across multiple alleles throughout the genome. Large-scale genome editing would enable, in the immediate term, the understanding of complex genotype-phenotype associations. From a more ambitious perspective, engineering human cells to be less susceptible to disease and generating tissues to eventually produce organs of high value are additional applications that would require large-scale genome editing. Thus, it is likely that the most immediate impact from editing human cells will emanate from small-scale engineering, whereas large-scale approaches will be crucial for obtaining a better understanding of phenotypes with complex genetics.
Tactically, if the number of desired changes is large and the changes span different areas of the genome, there is a compelling reason to approach this problem in a completely synthetic manner. From a practical perspective, this approach is currently limited to genomes that are megabases in size (at most), such as those in unicellular organisms. Here, rather than modifying an existing genomic template, designing and building the genome of interest completely from chemically synthesized DNA would not only provide the most efficient way to incorporate many changes into a desired DNA target but also enable complete control of the final sequence. The most compelling cases so far have included extensive changes in the genetic code (for biocontainment, efficient mutations are the likely causes and drivers of specific diseases [16] [17] [18] [19] [20] [21] [22] . Subsequently, from a therapeutic perspective, repair of such defects would probably necessitate small-scale genome editing only, whereby a limited number of genomic targets would need to be altered in order to restore normal function. Whether the alteration becomes a lasting cure for the disease will largely depend on the proportion of target cells in which editing is achieved and the persistence of the edited cells in their biological niche. 4, 27, 28, 50, 58, 63, 64, . In the mid to late 1980s, it was observed that in the presence of exogenous DNA, homologous recombination (HR) could occur at a very low frequency (0.01%). Subsequently, it was shown that by inducing a doublestrand break (DSB), the rates of HR could be dramatically increased. Thus, different modalities have been discovered and employed to create DSBs at higher frequencies, from meganucleases (such as I-SceI) to zinc-finger nucleases (ZFNs) and transcription activator-like effector nucleases (TALENs) to the current CRISPR-associated nucleases. In addition, approaches that do not use DSB-stimulated HR, such as Cre recombinase or phiC31 integrase, have also shown tremendous promise for DNA replacement but are restricted by the limited range of sequences that can be targeted. As a corollary, in combination with the progress in DNA synthesis technologies, our improved ability to edit DNA has permitted increases in the total number of modifications being made in a single genome. In the past, 1 to 2 edits were typically made in a single genome. Ambitious projects such as RC57 and Sc2.0 have aimed to make up to four or even five orders of magnitude more edits in a single genome.
Glossary
Homologous recombination (HR) . Exchange of sequence between two highly similar DNA molecules.
Homology-directed repair
(HDR). The process by which double-strand breaks (DSBs) in DNA are repaired when in the presence of an additional DNA moiety that has homology to the DNA sequence surrounding the DSB.
Protospacer adjacent motif (PAM) . A short, characteristic sequence (typically between 3 and 8 nucleotides in length) that the CRISPR-associated nuclease (such as Cas9 or Cpf1) recognizes before making its DNA break. Depending on the CRISPR system used, this sequence must either flank the 3ʹ end or 5ʹ end of the sequence of interest.
Reading
The use of massively parallel sequencing technologies to decipher nucleotide composition.
Writing
The use of either genome-editing tools and/or DNA synthesis to make desired changes in DNA sequence. For applications such as bioenergy, chemicals, proteins and vaccines, the goal is to increase production by engineering metabolic pathways in particular organisms. Similarly, engineering of the metabolic pathways in these organisms could be used for environmental remediation, from maintaining clean water supplies to removing pollutants and CO 2 from the air. While for applications such as food supply, in addition to making plants and livestock larger, large-scale engineering of regulatory variants aims to make these sources grow more robustly (that is, tolerant to different environmental conditions) and to be less susceptible to disease to minimize loss. Finally, for mammalian genome engineering, some of the main key applications would be for deciphering complex genotypephenotype relationships, modelling disease and producing cells of interest. Subsequently, these engineered cells could be built into tissues and organs ex vivo using approaches such as 3D printing or, if the engineering was performed in pigs, organs could be harvested for xenotransplantation.
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◀ use of non-standard amino acids and multi-virus resistance) and 'refactoring' to reveal the absence or presence of unknown regulatory motifs [23] [24] [25] .
Genome-editing systems -not just Cas9
The excitement and enthusiasm surrounding the ability to edit large regions and genomes can be mainly attributed to the recent developments in genome-engineering technologies. Much of the spotlight has been on the CRISPRCas9 system from Streptococcus pyogenes that has been repurposed and adapted for genome engineering in human cells [26] [27] [28] . However, we have access to a large number of genome-editing nanomachines, most of which have different mechanisms of action. Broadly, these tools can be classified by how the system recognizes its target site, that is, using DNA, protein or RNA (FIG. 3; TABLE 1 ), and whether they make double-strand breaks (DSBs).
DNA-based target recognition.
For DNA-based target recognition systems (FIG. 3a) , the two major approaches, multiplex automated genome engineering (MAGE) using λ-red recombination 8 and conjugative assembly genome engineering (CAGE) 13 , have been widely used in prokaryotes and have demonstrated a high degree of multiplexability. Briefly, the λ-red system, similar to recET 29 , originates from phage and, when imported into bacterial cells, can stimulate high levels of recombination in the presence of homologous DNA 30 . Although the machinery used in these approaches has not been fully optimized for eukaryotic cells, some conjugal transfer has been demonstrated 31 , and the use of an optimized version of Redβ in human cells has yielded limited success 32 . Moreover, these technologies can be used to edit and propagate large pieces of DNA in bacteria for eventual use as donor DNA molecules for HR in human cells.
Transfection of single-stranded oligonucleotides (SSOs) alone can also be used to create small, site-specific insertions, deletions and substitutions. Typically, these oligonucleotides range between 20 and 200 bases in length, may contain modified bases to increase stability and have a high degree of homology to the target site. Mechanistically, during DNA replication, in a very small percentage of instances, SSOs will be used as a template, and the change encoded by the SSO will be incorporated in the host genome. SSOs alone have demonstrated efficiencies ranging from 10 −5 to 2% in have previously been discussed in great detail and, thus, will not be elaborated further here 42, 43 . Meganucleases, also known as homing endonucleases, recognize a specific DNA sequence between 14 and 40 bp upon which they cut and induce a DSB 44 . The efficiencies of meganucleases are reasonably high, and they only require a single custom biopolymer for each target site. However, the natural repertoire of targeting sites is quite limited. To address this key limitation, work has been done to systematically increase the diversity of targeting sites using mutagenesis approaches and by deriving fusions to programmable DNA-binding domains [45] [46] [47] [48] . Tyr/Ser SSRs, which typically recognize target sequences between 30 and 40 bp in length, were one of the earliest genomeengineering tools to enable homology-directed repair (HDR) in mammalian genomes 49, 50 . Briefly, the target site comprises three parts, a short DNA sequence flanked by two inverted repeats, and recombination can occur between a pair of target sites, where the DNA sequence between the target sites can be deleted, inverted or replaced. Notably, whereas Tyr SSRs utilize a mechanism of strand exchange without creating DSBs, Ser SSRs do create DSBs, but unlike simpler designer double-strand nucleases, SSRs require concerted cleavage and re-ligation with the donor DNA present 51 . Although this mechanism of genome engineering is highly efficient in both prokaryotes and eukaryotes, the requirement of two naturally occurring copies of a very specific target site in relatively close proximity is limiting, and there are very few Tyr/Ser SSRs that mammalian cells [33] [34] [35] (TABLE 1) . However, the most prevalent utility of SSOs is in conjunction with a designer nuclease to generate much higher rates of modification 5, 36 . The Argonaute protein (Ago) from the bacterium Thermus thermophilus (TtAgo) has been shown to provide DNA-based DNA interference, where a single-stranded DNA guide could direct Ago-based cleavage of a plasmid DNA target, albeit only at temperatures ≥65 °C (REF. 37 ). Editing activity in human cells using TtAgo has not been published. Although a different Ago from Natronobacterium gregoryi, NgAgo, was initially reported to edit DNA in eukaryotic cells at physiological temperatures 38 , these results were questioned [39] [40] [41] and the original paper was subsequently retracted. If an Ago-based system can be shown to have reliable cleavage efficacy at DNA target sites in eukaryotic cells, a key potential advantage is that, unlike CRISPR-Cas9, there is no requirement of a protospacer adjacent motif (PAM) which would, in theory, make any DNA targetable for editing.
Protein-based target recognition. The majority of systems use protein-based target recognition, including zinc-finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs), meganucleases and tyrosine/serine site-specific recombinases (Tyr/Ser SSRs) (FIG. 3b) . ZFNs and TALENs recognize DNA target sites, ranging from 25 to 40 bp in size, in a sequence-specific manner through their DNA-binding domains and generate staggered DSBs through the action of FokI nuclease domains on opposite DNA strands. These systems Figure 3 | DNA-editing nanomachines. a | DNA-based recognition. Multiplex automated genome engineering (MAGE) utilizes machinery from the phage λ, namely, the single-stranded binding protein beta and an exonuclease (Exo). Designer oligonucleotides, along with these two proteins, can enable the incorporation of desired changes at multiple genomic locations 8 . Conjugative assembly genome engineering (CAGE) enables the hierarchical assembly of parallel edited genomes. For every pair of edited genomes (strains), one strain is designated a donor strain and the other a recipient strain such that the direction of DNA transfer is engineered to be in a single direction 13 . This cycle can be repeated until the result is a single strain with all desired changes. The Argonaute (Ago) system utilizes a 24-nucleotide guide DNA sequence along with the Ago protein to direct a double-strand break (DSB) in a site-specific manner. b | Protein-based recognition. Zinc-finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs) and meganucleases utilize staggered-end forming DSBs to facilitate DNA editing. A new custom protein is required for each targeted site. Tyrosine (Tyr) and serine (Ser) site-specific recombinases (SSRs) mediate editing with (Ser) or without (Tyr) using DSBs. A pair of short inverted repeats (IRs), flanking both the target site and donor DNA molecule, are required for DNA to be exchanged. Currently, the repertoire of different recombinase recognition sites is quite limited. c | RNA-based recognition. Group II introns encode both a self-catalysing RNA moiety and a reverse transcriptase (RT), which enable site-specific disruption within a sequence of interest. The CRISPR-Cas9 system has demonstrated the most promise among current genome-engineering technologies. A single-guide RNA (sgRNA) specifies the location in which a blunt-end-forming DSB is made by the Cas9 protein and, due to this simplicity, enables simultaneous targeting of multiple sites by including multiple sgRNAs. Protein crystal structures were generated using Chimera recognize different target sites. However, the potential for recombinases in the scheme of large-scale genome engineering is vast; thus, work to increase the diversity of DNA sequences that SSRs can target by engineering new specificities, which has already started and is continuing [52] [53] [54] [55] [56] [57] , will be highly valuable.
RNA-based target recognition. The class of RNA-based target recognition includes group II introns and CRISPR-Cas9 (FIG. 3c) . For group II introns, in a process known as retrohoming, DNA is first transcribed into a catalytically active RNA and an mRNA encoding a reverse transcriptase. These two components form a complex and invade DNA with sequence similarity to a part of the intronic RNA. Subsequently, reverse transcription of the RNA molecule into cDNA permits insertion in a targeted manner to disrupt gene function or, when homologous DNA is introduced, to promote HDR 58, 59 . At the current juncture, this technology is not likely to be a main contributor to large-scale genome engineering owing to its low activity in mammalian cells.
Finally, the CRISPR-Cas9 system has been shown to be one of the most robust gene-editing platforms currently available [26] [27] [28] . Review articles have covered the development of the CRISPR-Cas9 system in terms of its mechanism of action, ability to be tethered to different effector domains, and improvements in terms of higher specificity and multiplex editing each segment is edited independently using an approach such as MAGE or CRISPR (FIG. 4b) . Subsequently, these segments can be re-assembled into the final desired sequence. In this section, we describe successful applications of large-scale engineering in bacteria and yeast and how these approaches could be translated for higher-order eukaryotes.
Previously, our laboratory engineered an Escherichia coli strain in which all known instances of the UAG stop codon were replaced with UAA, with the motivation of freeing the UAG codon to encode for novel amino acids 13, 14 . In this work, the E. coli genome was separated into 32 different segments, such that each segment contained approximately 10 UAG codons, then these segments were edited in parallel using MAGE. Briefly, MAGE utilizes the phage λ-red recombination machinery along with short oligonucleotides carrying desired mutations to enable cumulative recombination in a cyclical process that can be repeated multiple times. Once each segment obtained all the necessary UAG changes, the segments were hierarchically assembled into a single strain using CAGE. Notably, this final strain exhibited decreased phage infectivity, and the UAG codon was successfully re-assigned to different non-standard amino acids 14, 24, 25 , demonstrating that this approach can be used to create potentially industrially robust strains.
By contrast, genomes have also been constructed completely de novo from synthesized DNA. Work from the J. Craig potential 42, [60] [61] [62] . Furthermore, specific variants of Cas9 have been made to enable gene editing without creating DSBs. A single mutation to the Cas9 protein can generate a version that only creates a single-strand DNA cut (nick) 63, 64 . Fusion of a nuclease-dead Cas9 (dCas9) to a cytidine deaminase enables site-specific conversion of cytidine to uracil [65] [66] [67] . With respect to large-scale genome editing, the key relevant aspect of CRISPR is the ease of designing and multiplexing single-guide RNAs (sgRNAs) for targeting diverse genomic loci, which could enable excision and/or replacement of DNA segments of various sizes. This aspect has been demonstrated in the epigenetic context of studying enhancer function 22, 68, 69 , multi-kilobase gene replacement 6 and multiplexed disruption of 62 different porcine endogenous retrovirus (PERV) sites in the pig genome 70 .
Genome editing versus de novo synthesis
Various strategies have been outlined to perform large-scale genome engineering, from completely synthesizing genomes de novo, to massively editing an existing genome scaffold, to a combination of both 71 . In a fully synthetic approach, genomes of interest are designed computationally, and then a rational, hierarchical strategy is devised to assemble long oligonucleotides into larger pieces (FIG. 4a) . Alternatively, an existing genome scaffold can be substantially edited, whereby the scaffold is delineated into a manageable number of segments of roughly equal size, and then Venter Institute (JCVI) has resulted in the synthesis of numerous small genomes [72] [73] [74] [75] . Here, the eventual goal was to generate a minimal genome (JCVI-syn3.0) using a completely synthetic genome (JCVI-syn1.0) as the starting point. Briefly, for JCVI-syn1.0, the approach taken was to hierarchically assemble 1-kb DNA fragments into larger and larger segments by use of HR in yeast and to subsequently transfer the constructed genome (~1 Mbp in size) into a new recipient strain 76 . Similarly, our group recently used synthesized DNA fragments for an entire E. coli genome (~4 Mbp in size) along with yeast HR for assembly to re-design the E. coli genome to use 57 out of 64 codons, enabling re-assignment of the seven unused codons to additional, non-standard amino acids 77 . In yeast, the major project that is well underway is the Synthetic Yeast Genome Project (Sc2.0) 78, 79 . Sc2.0 utilizes a full synthetic approach whereby chromosomes (or chromosome arms) are made entirely from chemically synthesized DNA. Two chromosome arms (synIXR and semi-synVIL) were synthesized de novo as a bacterial artificial chromosome (BAC) of which are shared by both approaches, and potential solutions.
Although computationally designing and subsequently producing chemically synthesized DNA offers much greater control than starting from existing genomes, the cost to synthesize an entire human genome is probably more expensive than editing an existing scaffold. It should be noted that this cost comprises the raw materials (synthetic DNA) and the process and labour of assembling the raw material into the final product. Thus, a further reduction in cost will be necessary. However, this difference in cost is much smaller than it once was, as we have observed a million-fold reduction in cost in a decade for genome sequencing 85 and solid-phase DNA synthesis 86 , to the point where the cost for sequencing is about US$1,000, whereas synthesis runs about US$6,000 (REF. 9 ) per human genome. Furthermore, genomic regions with low sequence complexity (that is, those that are highly repetitive) can also pose difficulties with current DNA synthesis platforms. Relatedly, the genome sequences of many higher-order eukaryotes are and transformed into yeast; subsequently, the native wild-type versions of these arms were inactivated. By contrast, for synthesis of chromosome III, a hierarchical approach was taken. Starting from thousands of short nucleotides (70 bases), ~400 building blocks (750 bp) were assembled using PCR-based protocols to produce 83 overlapping segments (2-4 kbp) in yeast by HR. For the replacement of the native chromosome, synthetic segments were iteratively replaced over multiple cycles until the entire chromosome was replaced. Most recently, in addition to chromosome III, synthetic versions of chromosomes II, V, VI, X and XII have been made, marking the completion of more than one-third of the chromosomes in the Sc2.0 project [80] [81] [82] [83] [84] .
Technical challenges
It is clear that both large-scale editing of existing scaffolds and de novo synthesis of DNA have yielded successful end products, each with its own advantages and disadvantages. Furthermore, when scaling these approaches to larger genomes (such as human), additional considerations would also need to be addressed. Here, we discuss a number of key technical challenges, many incomplete, largely due to difficulties with reading low-complexity genomic regions. For example, further development and application of newer sequencing technologies that can generate long reads, such as those obtained from Pacific Biosciences (PacBio) single-molecule real-time (SMRT) sequencing 87 and Oxford Nanopore Technologies (ONT) nanopore sequencing [88] [89] [90] [91] , or high-resolution visualization approaches could be used to complete our maps of these genomes 92 .
Massively editing an existing scaffold also has limitations and consequences. First, the multiple rounds of editing required to achieve the desired genome sequence can be quite laborious and time consuming to perform. If the efficiency for multiple targeting is not sufficiently high, cell populations would need to be screened for the correct sequence over each iteration. Second, depending on the genome-editing technology used, the sequence of the genome itself can present challenges in targeting. For example, regions with a high per cent of cytosines could present challenges for site-specific deaminases and/ or regions that are A/T-rich would present problems for CRISPR-Cas9. The discovery of the CRISPR system Cpf1 nuclease (as an alternative to Cas9) could address the latter problem, as the PAM is composed of a thymidine homopolymer 93 . A notable consequence of genome editing is the targeting of unintended sites. Targeting particular single-nucleotide variants (SNVs) or point mutations is difficult because all the genome-editing platforms can tolerate some level of mispairing. For unintended mutagenesis, the use of a non-DSBinducing technology could alleviate this problem, but in general, the efficiencies of these approaches are lower than the efficiencies of DSB-inducing technologies. Thus, if a DSB-inducing approach were used, any off-target sites that are unintentionally altered could be identified in a high-throughput manner 61, [94] [95] [96] [97] , and even if there were DSBs, these could still be tolerated if the DSBs were not introduced in important regions in the genome, such as oncogenes or tumour suppressor genes. Similar to the above suggestion, an iterative approach could be used whereby after each iteration, the target DNA is sequenced to verify the absence of off-target mutations. However, as the number of iterations required increases, the costs associated with sequencing would also increase.
For both de novo genome synthesis and substantial editing of existing genomes, example, for CRISPR-Cas9 or TALENs and ZFNs, each target site would require a new sgRNA or new designer nuclease, respectively, in addition to the donor DNA molecule specifying the new sequence.
Next, the majority of editing experiments have been performed in cells that are continually undergoing mitosis, so another ideal feature would be a system that can also operate in postmitotic cells in a highly efficient manner. Although the level of editing desired in postmitotic cells may not be as large in scale as the level desired in other cells, this feature would at least increase the repertoire of cell types that could be edited. To date, Cre recombinase and CRISPR-Cas9 have been shown to be effective in cardiomyocytes and neurons, respectively [99] [100] [101] , with application in other cell types yet to be demonstrated.
In addition to increasing the diversity of cell types, it is also important to be able to have broad target sequence specificity. As mentioned earlier, if Ago systems could be optimized in the future for efficient DNA target cleavage in eukaryotic cells, one of their more compelling features is the lack of a requirement for a PAM sequence. Although this system would provide a theoretically unlimited range of targetable sequences, it may also increase the likelihood of unintended mutagenesis via off-target activity. In the same vein, when improving CRISPR-Cas9 specificity, depending on the approach taken, a reduction in off-target activity may be accompanied by a reduction in on-target activity as well 61 . Thus, it is going to be a fine balance of having a system that has a broad targeting range, high editing efficiency and high specificity.
The ability to achieve 100% gene disruption at a single locus has become feasible for some loci with many of the technologies discussed. However, the ideal feature with respect to efficiency is obtaining a high frequency of multiplexed editing where we have the ability to make hundreds of changes per cell simultaneously. Highly efficient multiplexed editing would need to be done in conjunction with an approach that minimizes toxicity to the cell. If the method of choice utilizes DSBs, creating hundreds of DSBs could be problematic in that it could either induce cellular apoptosis or chromosomal rearrangement. As highlighted earlier, the disruption of 62 PERV genes in a single genome with minimal impact on genome architecture was probably a unique case, as there were no apparent rules for multiplex targeting that could be designing and introducing many changes at once relative to the normal genome sequence may result in a non-viable phenotype as a consequence of the editing process itself (in the case of radically modifying an existing scaffold) or as a result of the DNA sequence being incompatible with normal function. Although we have gained a better understanding of how to design prokaryotic 77 and lower-order eukaryotic genomes 80 , this level of understanding does not exist for more complex mammalian genomes. Thus, it may be imperative that the upper limit of the number of modifications that can be made in a single iteration be identified for each cell type, and if the number of changes exceeds this limit, the modifications would be incorporated in multiple iterations.
As each approach provides distinct advantages and challenges, it may very well be a hybrid of these two approaches that will ultimately be most successful. One can envision a scenario in which an initial library of DNA building blocks that spans an entire genome will be synthesized (or generated through PCR of genomic DNA), and subsequent sequence variations to particular sets of building blocks will be generated using genome-engineering technologies. For example, starting with a BAC library comprising overlapping 100-300 kbp segments of the human genome 98 , one can select an individual BAC encompassing a desired genomic location, edit this DNA segment in E. coli using MAGE and subsequently use HR to incorporate this new DNA segment in the destination cell population.
Desired genome-writing properties
We have detailed two different approaches to performing large-scale genome engineering. Although building large genomes de novo has many advantages, as we stated earlier, we believe that a combination of de novo DNA synthesis and genome-editing technologies will probably be utilized moving forward. Thus, it will be important to understand what properties we desire in a truly robust, high-throughput genome-writing platform (TABLE 2) .
Of the different genome-engineering technologies described, although it has not been shown to work in human cells, the λ-red (and the similar recET) recombination systems have the ideal characteristic that only one custom biopolymer (the donor DNA molecule carrying desired changes) is necessary to make site-specific changes, whereas the other technologies require at least two. For discerned moving forward, and only a single sgRNA was required to target all 62 sites 70 . Thus, a more sophisticated strategy, such as manipulating DNA repair machinery or utilizing non-DSB-inducing entities, would be necessary if this many genes were simultaneously targeted in other applications.
Nonetheless, this level of disruption will be crucial for large-scale editing. Although efforts have been made to identify approaches to improve HR and HDR, the efficiencies are still typically one order of magnitude lower than that of an alternative mechanism of DSB repair, non-homologous end joining (NHEJ), in which the DNA ends are re-ligated, typically without incorporating a donor DNA sequence [102] [103] [104] [105] [106] [107] . Intriguingly, attempts to utilize the NHEJ repair pathway to incorporate specific DNA sequences have also been made with some degree of success 108, 109 . Thus, work will need to continue to identify innovative ways to achieve high editing frequency simultaneously across multiple loci.
Relatedly, another important feature will be to increase the efficiency of larger changes. There is an inverse relationship observed between the efficiency of an alteration and the size of the alteration, where smaller changes are much easier to incorporate than larger ones 6, 110 . Two potential strategies could be pursued to address the efficiency. The first strategy would be to utilize recombinases, and the second would be to tether homologous DNA directly to genome-editing reagents. Recombinase-mediated cassette exchange (RMCE) has been routinely used in mammalian cells, with its most prevalent use in creating conditional mouse strains [111] [112] [113] [114] . This approach requires two separate gene-editing events -one event to place recombination sites flanking the area risks to embryos. At this juncture, it seems difficult to draw sharp red lines for what may be permitted versus forbidden; for example, designating areas of the genome, such as the mitochondrial genome, where editing would be permitted. It should also be noted that mitochondrial replacement therapy has already been utilized in cases of IVF 120 . A key component will be engaging various communities to imagine unexpected scenarios, including respect for diverse cultures and faiths.
A roadmap to writing large genomes After these desired features of a large-scale genome-writing platform are achieved, the final step is implementation. Here, we consider a roadmap for how the implementation could be accomplished (FIG. 5) . Starting with libraries of DNA oligonucleotides, small DNA fragments in the 3-kbp range can be constructed in vitro using a combination of DNA annealing, ligation and amplification. By taking advantage of the high efficiency of HR in yeast, these smaller fragments could then be assembled into larger pieces of approximately 50 kbp in size (or possibly into the megabase scale). Next, these 50-kbp segments can be built into larger fragments (~4 Mbp) using an SSR system in E. coli. Multiple bacterial or yeast strains carrying different 4-Mbp fragments could be delivered via conjugation (or spheroplast fusion) to plant or animal cells to build chromosome-sized elements 31, 121 . Finally, these large (40-250 Mbp) segments could be hierarchically assembled (usually with selectable markers) into single cells by microcell-mediated chromosomal transfer (MMCT) 122 . As the efficiency of HR increases, we can miniaturize and multiplex the HR reactions and reduce the need for selection. High-throughput and multiplex testing of large numbers of combinatorially created genomes greatly increases the chances of rapid success.
It should also be noted that at various points of this process, DNA segments of different sizes could be modified using smaller-scale genome-editing technologies, contingent on the ability to retrieve and replace individual segments efficiently (such as using a multiplex barcoded library). Additional editing is advantageous for various reasons. First, if a particular segment was deemed incompatible for viability, the segment could be edited until it no longer created problems. Second, if additional sequence diversity was desired, it may be more efficient to edit the DNA segment than to re-synthesize it entirely.
to exchange and then the exchange event itself -and thus could be quite laborious. Intriguingly, RMCE has been combined with CRISPR-Cas9 to make this approach more efficient 115 . As stated previously, the main challenge with recombinases is the limited diversity of targetable sites. In terms of tethering or pairing, placing the donor template in close proximity to the site of cleavage should increase the frequency at which replacements occur. For example, when using CRISPR-Cas9, the desired proximity could be ensured by covalently attaching the donor DNA to the sgRNA.
Last, but not least, is germline editing. The ability to edit the germline poses the usual ethical issues of risks, benefits, safety and efficacy (adequately handled by organizations such as the US Food and Drug Administration (FDA), the European Medicines Agency (EMA) and the China Food and Drug Administration (CFDA)) [116] [117] [118] [119] . One of the most difficult challenges, from a logistical perspective, will be understanding the long-term, potentially trans-generational, societal impact of germline editing applications, which may otherwise be deemed 'safe' in a conventional medical sense. Ironically, because reproductive technologies, such as spermatogonial stem cell engineering, can use clonal sibling cells, which can be checked for genomic goals, including zero undesired on-target mutations (caused by NHEJ rather than HDR), off-target errors and epigenetic issues, high-fidelity editing may be more critical for somatic gene therapy. Additionally, editing sperm or egg precursor cells could result in considerable reduction in embryo loss and spontaneous or induced abortion relative to in vitro fertilization (IVF) and hence might be attractive to recessive carrier parents with concerns about For example, if the editing was to be performed in yeast, native HR could be used, which is already highly efficient, or a CRISPR-based approach could be used for replacement 123, 124 . Similarly, if the segments were in E. coli, MAGE and/or CAGE could be employed.
Taken together, achieving this collection of reading, editing, writing and testing goals may move us closer to safe, robust, inexpensive, egalitarian and effective genome editing that can change our environment and ourselves, provided that such strategies are constantly under technical and ethical scrutiny and feedback. Here, a hierarchical strategy is employed starting from short oligonucleotides (150 to 200 bases in length), which can be assembled into short DNA fragments ~3 kbp in size. The short DNA fragments are then be assembled into larger segments between 50 kbp and 1 Mbp in size. Segments ~4 Mbp in size can be built in bacteria or yeast and subsequently transferred into human cells by conjugation. These segments can then be increased to ~100 Mbp in size and transferred into recipient cells by microcell-mediated chromosomal transfer (MMCT). In each stage where a segment is built, genome-editing tools, such as multiplex automated genome engineering (MAGE), CRISPR, homologous recombination (HR) and site-specific recombinases (SSRs), can be utilized to make further edits from what was specified in the initial set of oligonucleotides.
